INTRODUCTION
Until the discovery of Panulirus argus virus 1 (PaV1) (Shields & Behringer 2004) , naturally occurring viral infections were unknown in lobsters. Other than PaV1, spiny lobsters are afflicted by non-viral patho gens , Shields 2011 , and like other decapod crustaceans (i.e. lobsters, crabs, and shrimp) that are subject to a variety of microbial and parasitic diseases (Brock et al. 1990 , Shields & Overstreet 2007 , they sometimes cause epizootics with potential impacts on fisheries. The prevalence of PaV1 throughout the Caribbean range of Panulirus argus is unknown, but reports of infections are mounting (Huchin-Mian et al. 2009 , Cruz-Quintana et al. 2011 . Caribbean spiny lobsters are the target of the most economically valuable fishery in the Caribbean, where populations are considered fully or over-exploited (FAO 2006) . Hence, the discovery of PaV1 is of concern and sev eral countries are now taking steps to determine impacts of the virus on this valuable resource.
Since the initial description of PaV1 much has been done to understand its pathology, epidemiology, ecology, and possible fishery implications. A suite of techniques to assess and study PaV1 infection have also been developed. We review the current knowledge of PaV1; much has been learned about it, but there are many gaps that remain to be filled.
DETECTION AND PATHOLOGY

Detection
PaV1 pathology and virus particles were initially observed in tissues of lethargic juvenile Panulirus argus using light microscopy ( Fig. 1 ) and transmission electron microscopy (TEM) (Fig. 2) , respectively. TEM revealed icosahedral nucleocapsids ~182 ± 9 nm (± SD) in infected cells with hypertrophied nuclei containing emarginated chromatin (Shields & Behringer 2004) . Virions assemble in the nucleus and large aggregations of virions can be found free in the hemolymph. This double-stranded DNA virus currently remains unclassified, but it shares characteristics with both the Iridioviridae and the Herpesviridae. Gross signs of juvenile lobsters heavily infected by PaV1 include lethargy, chalky-white hemolymph (Fig. 3) , and sometimes a discolored, heavily fouled carapace (Shields & Behringer 2004) . Adult lobsters infected with the virus, along with juveniles with light infections, present no obvious gross signs. Histological detection of pathology is sensitive but destructive (Shields & Behringer 2004) . In 2006, a molecular PCR assay was developed with a reported sensitivity to 1.2 fg of purified viral DNA (Montgomery-Fullerton et al. 2007 ). The PCR was later modified (the primer annealing temperature was increased from 51 to 63°C) and used to confirm PaV1 infection in P. argus from Puerto Morelos, Mexico . The PCR has since been optimized to im prove sensitivity to 0.05 fg of viral DNA (J. Moss et al. unpubl. data) . A sensitive and specific fluorescent in situ hybridization (FISH) assay has also been developed to visualize PaV1-infected lobster tissues (Li et al. 2006) . The use of FISH confirmed that connective tissues of the hepatopancreas are the primary site of infection. Continuous cell cultures are not available for crustaceans. However, a primary cell culture method using semigranulocytes and hyalinocytes has been developed to quantify PaV1 in hemolymph samples (Li & Shields 2007) . The quantal assay was based on virus-induced cytopathic effects in cell cultures infected in 10-fold serial dilutions of inocula. The assay could be used to calculate the tissue-culture infectious dose 50% (TCID 50 ) of the virus. These techniques now allow for more sensitive and accurate assessments of PaV1 in wild stocks and laboratory experiments.
Genetic information
Little genetic data currently exists for PaV1. The primers for the diagnostic PCR assay target a 500 bp fragment within a 892 bp fragment deposited in GenBank (accession number EF 206313) (MontgomeryFullerton et al. 2007 ). This DNA fragment appears to be an open reading frame with no other published viral homologs. The other sequenced piece of PaV1 DNA is a partial fragment of a DNA-directed polymerase (GenBank accession number DQ465025), to which the FISH probe was targeted (Li et al. 2006) .
Pathology
PaV1 initially infects the fixed phagocytes of the hepatopancreas (i.e. digestive gland) and connective tissue cells surrounding the hepatopancreas (Li et al. 2008) (Fig. 1) . Certain circulating hemocytes, specifically hyalinocytes and semi-granulocytes, are also infected (Shields & Behringer 2004) . In heavily infected lobsters, virus-infected cells can be found in the spongy connective tissues surrounding most organs, with the hepatopancreas showing marked atrophy (Li et al. 2008) . Heavily infected lobsters have a notable lack of reserve inclusions, indicative of a lack of glycogen reserves, supporting the hypothesis that mortality results from metabolic exhaustion (Shields & Behringer 2004) . Several hemolymph constituents (glucose, phosphorus, triglycerides, and lipase A) were altered by infection, lending further support to this hypothesis (Li et al. 2008) . Indeed heavily infected lobsters have a significantly lower mean hemolymph re fractive index, indicative of poor nutritional condition resulting from cessation of feeding, and display a marked atrophy in the hepatopancreas , Li et al. 2008 ). However, poor nutritional condition does not appear to increase their initial risk of contracting PaV1 ). The lethargy observed in heavy infections is likely an end stage of the disease due to poor nutritional condition and organ pathology.
EPIDEMIOLOGY
Juvenile lobsters
The pre valence of PaV1 in juvenile Caribbean spiny lobsters (ca. 20 to 55 mm carapace length, CL), as identified visually in long-term field surveys in the Florida Keys, has remained relatively constant, fluctuating between 2 and 8% (Fig. 4) . However, prevalence varies both spatially and temporally among sites, with some localities reaching > 40% infection in a given year. In 2002, a more comprehensive survey was undertaken of PaV1 prevalence in juvenile and subadult lobsters at 120 hard-bottom nursery sites throughout the Florida Keys from Key Largo to the Marquesas, west of Key West. Using histology to screen for PaV1, a mean prevalence of 5% was detected with no obvious spatial patterns (D. C.
The prevalence of PaV1 is highest among the smallest (< 20 mm CL) early benthic juveniles (EBJs) ) and declines with lobster size (Fig. 5 ). This pattern, observed in Florida, is similar to that observed in Puerto Morelos and Chinchorro Bank (Mexico) Dashed line represents the overall mean prevalence of 5%; black dots are outliers; whiskers represent 5th and 95th percentiles; solid line in box is median value for that size class (Lozano-Álvarez et al. 2008 ). The inverse relationship between PaV1 prevalence and lobster size may result from the combined effects of decreasingly effective waterborne transmission with size and the ability for healthy lobsters to detect infected conspecifics (Behringer et al. 2006) . However, recent PCRbased surveys of juveniles in Florida Bay in 2008 and 2010 show that surveys based on visual signs grossly underestimate the prevalence of PaV1 infection in juveniles (Table 1) . Whether disease would develop in all of these PCR-positive individuals is under investigation but, regardless, PaV1 is more prevalent in juvenile lobsters in the Florida Keys than determined previously by visual or histological means (Shields & Behringer 2004) .
PaV1 prevalence in lobsters occupying artificial and natural shelters has also been examined by visual means along the Yucatan coast of Mexico (Fig. 6 ). Prevalence is also suspected to have caused mass mortalities of juvenile lobsters in aquaculture facilities in Florida (Matthews & Maxwell 2007) and Belize (Staine & Dahlgren 2005) .
Adult lobsters
Although PaV1 has its greatest impact on small juvenile Caribbean spiny lobsters, it also occurs in adults. 
TRANSMISSION
Transmission of PaV1 may occur via several pathways, although not all are equally likely or efficient (Table 2) . Transmission routes tested include hem olymph inoculation, ingestion, contact, and waterborne routes . The latter 2 are the most likely natural modes of transmission . Waterborne transmission has only been demonstrated for EBJ and small juvenile lobsters (< 25 mm CL) over distances of 2 m or less, which may partially explain the high prevalence of PaV1 infection among the smallest lobsters in the wild. In gestion of infected tissue remains a possible mode of natural transmission, but cannibalism is probably uncommon outside of laboratory settings, and prey species that could serve as PaV1 reservoirs have not been identified. Transmission of PaV1 via infected hemolymph inoculation in other potential host decapods (channel crab Mithrax spinosissimus, stone crab Menippe mercenaria, spotted lobster Panulirus guttatus) that cooccur with P. argus have been unsuccessful based on histological examination of tissues 80 d postinoculation, although tissues were not tested by PCR .
The nutritional condition of juvenile lobsters has no effect on their susceptibility to PaV1 infection , nor does exposure to seawater differing in salinity (D. C. Behringer et al. unpubl. data) . No seasonal patterns of prevalence are apparent in Florida lobster populations (Behringer 2003) . However, laboratory studies indicate that high seawater temperatures increase the susceptibility of EBJ lobsters to PaV1 infection, but not larger juveniles (D. C. Behringer et al. unpubl. data) . Susceptibility to infection and the progression of infection are also partially dependent on lobster size , with the smallest lobsters being most susceptible and dying the fastest.
ECOLOGY AND BEHAVIOR
Avoidance of disease
Panulirus argus are naturally gregarious and den together for protection under structure such as sponges, corals, and solution holes. Yet in the wild, infected lobsters occur alone (94% solitary) whereas healthy lobsters often co-occupy dens with other lobsters (46% solitary) (Behringer et al. 2006 Note: not all lobsters exposed to PaV1 survived to the end of the trials Table 2 . Panulirus argus virus 1 (PaV1) infecting P. argus. Experimental transmission of PaV1 to juvenile spiny lobsters. All infections were detected using histological examination (data from Butler et al. 2008) . CL: carapace length ments revealed that healthy individuals detect and avoid diseased lobsters, whereas infected lobsters continue to be attracted to both healthy and diseased lobsters. The onset of avoidance behavior by healthy lobsters occurs just prior to the onset of infectiousness (Behringer et al. 2006) , and computer simulations (Dolan 2010 ) and field studies (M. J. Butler et al. unpubl. data) indicate that this behavior is effective at reducing transmission in this normally gregarious species. PaV1 prevalence in nature is independent of lobster density over the small spatial scales in which lobsters interact (i.e. 10s of meters) (Behringer 2003 , LozanoÁlvarez et al. 2008 . However, the size and dimensions of a shelter may affect the frequency of shelter cohabitation as healthy lobsters co-occur more frequently with diseased lobsters in large casitas (21.7 to 29.4%) than in smaller natural shelters (3.5%) (LozanoÁlvarez et al. 2008) . Computer simulations using a spatially explicit, individual-based lobster re cruitment model (Butler 2003 , Butler et al. 2005 , Dolan & Butler 2006 ) altered for modeling benthic disease dynamics in the Florida Keys have also indicated that the avoidance of infected lobsters by healthy lobsters is effective in dampening the prevalence of PaV1 in the population modeled (Dolan 2010) .
Movement and predation
Heavily infected Panu lirus argus appear lethargic in the wild, and this moribund behavior has been replicated in a laboratory movement assay . As infection progressed, PaV1-infected juvenile lobsters moved less, ultimately becoming sedentary. However, lobsters in the early stages of infection moved at rates similar to healthy lobsters, highlighting their potential to spread the disease to new locations. In the wild, lobsters were recaptured significantly less often after 5 d than healthy lobsters, indicating that they were either emigrating in greater numbers or suffering greater mortality . Recent tethering experiments comparing the relative predation susceptibility between similarsized healthy and infected lobsters has confirmed that visibly diseased lobsters indeed experience higher predation than healthy lobsters regardless of the presence of shelter (Behringer & Butler 2010) .
Shelter competition
The avoidance of diseased lobsters by healthy conspecifics has implications for lobster shelter acquisition and refuge from predation, especially when shelter is limited (Behringer & Butler 2010) . The latter may occur in locations where structure for juveniles is naturally sparse, or when shelter (e.g. large sponges) is eliminated by catastrophic events such as harmful algal blooms or disease outbreaks (Butler et al. 1995 , Herrnkind et al. 1997 . Shelter competition trials performed in shelter-limited mesocosms have revealed that neither healthy nor diseased lobsters are dominant competitors for shelter, but the presence of a diseased lobster reduces cohabitation and thus increases the chance that one lobster is excluded from shelter (Behringer & Butler 2010) . Shelter exclusion has more dire consequences for diseased lobsters, which suffer higher rates of predation. However, cohabitation between diseased and healthy lobsters appears to occur more frequently in areas where shelter is scarce than in areas where shelter is abundant (Lozano-Álvarez et al. 2008) . Perhaps some healthy lobsters make a tradeoff between infection and predation risk in low shelter environments, as is thought to occur in the eastern Yucatan.
Fishery
The Panulirus argus fishery is the most economically valuable in the Caribbean (FAO 2006) . However, in the 2000-2001 season fishery landings in Florida plummeted 30% from those reported the decade before and subsequently remained at these low levels, with the lowest landings ever reported occurring in 2005-2006; and similar declines have occurred elsewhere in the Caribbean (Ehrhardt et al. 2010 ). Many factors affect fishery recruitment including the loss of habitat for juveniles or adults, changes in spawning stocks and larval supply, changes in water quality, or environmental events that influence population dynamics (e.g. hurricanes, harmful algal blooms, and changes in oceanographic conditions or currents). Thus, pinpointing the cause of fishery declines is difficult, but some lobster fisheries have been severely impacted by other diseases (Wahle et al. 2009 ). Recent studies show that healthy lobsters can acquire PaV1 when confined in commercial fishing traps with in fected lobsters for as little as 7 d, with even higher transmission when lobsters were held together for 14 d (D. C. Behringer et al. unpubl. data) . Although the PaV1 disease was not described until 2004 (Shields & Behringer 2004) , there are anecdotal reports from fishermen and scientists in Florida and elsewhere in the Caribbean of lobsters with characteristic PaV1 infections observed over 25 yr ago. Thus, it is unlikely that PaV1 is a newly emergent pathogen. However, the presence of a lethal, pathogenic virus infecting the Caribbean's most important fishery resource is of concern to resource managers in the region.
CONCLUSIONS
In the 10 yr since PaV1 was discovered, we now have a better understanding of the nature of this pathogen and how it affects Caribbean spiny lobsters Panulirus argus. However, much remains to be done in unstudied regions of the Caribbean to determine the prevalence and impact of PaV1 on lobster populations, fisheries, and fishing communities that are so dependent on this ecologically and economically important species. Although its prevalence in Florida has remained relatively stable since its discovery, its prevalence in the eastern Yucatan has increased sharply since 2001. It is unknown whether the latter pattern is a harbinger for other regions in the Caribbean, because so little is known of its impact or prevalence outside of Florida and Mexico. Marine diseases in general appear to be emerging at an accelerated rate (Harvell et al. 1999 (Harvell et al. , 2002 (Harvell et al. , 2004 ; therefore, the tools and knowledge on PaV1 gathered to date will be invaluable in addressing potential future epizootics. 
